Introduction
Pancreatic cancer is one of the most common types of cancer in the world. The median survival of this devastating malignancy is 3-6 months, and the 5-year survival rate is less than 5%. [1] [2] [3] Despite improvements in surgical and adjuvant medical care, these figures have remained unchanged for more than 40 years, with the mortality close to the incidence. Therefore, there is great clinical significance in further elucidating the molecular mechanisms involving metastasis in pancreatic cancer and identifying novel markers for the diagnosis, prognosis, and treatment of pancreatic cancer patients.
Small noncoding RNAs (microRNAs, miRNAs) are ~22 nucleotides in length and regulate the expression of their target mRNA via translation inhibition or mRNA cleavage. 4 miRNAs play a crucial role in biological development and differentiation. 5 The dysregulation of miRNAs can also lead to cancer development and progression. 4, 5 Aberrant expression or gene mutations of miRNAs have been thoroughly studied in 
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li et al many types of tumors, including lymphoma, lung cancer, pancreatic cancer, leukemia, breast cancer, colon cancer, and liver cancer. 6 However, the roles of miRNAs in pancreatic cancer remain largely unknown. miR-509-5p was previously shown to inhibit cervical cancer and hepatocellular carcinoma cell proliferation and invasion. 6 However, the effects of miR-509-5p on pancreatic cancer progression and the molecular mechanisms involved remain unclear.
In this study, we determined the expression of miR-509-5p in pancreatic cancer tissues and cell lines and investigated the effects of miR-509-5p on the functions of pancreatic cancer cells as well as its regulation of the target gene MDM2. Our results showed that miR-509-5p expression was significantly downregulated in pancreatic cancer tissues and cell lines, suggesting that miR-509-5p may serve as a cancer suppressor via targeting the MDM2 gene.
Materials and methods sample collection
Human pancreatic cancer tissues (n=10) and matched noncancerous adjacent tissues (n=10) were collected in our hospital from June 2013 to May 2014. The tissues were preserved in liquid nitrogen for RNA extraction. To isolate islet cells, the pancreas was digested with collagenase, and tissue fragments were elutriated and then dissociated by enzymatic processing with DNase and trypsin (Gibco, Life Technologies, USA), separating the islet cells into single cells. All subjects provided written informed consent. The Institutional Animal Care and Use Committee (IACUC) of Guangzhou Medical University approved this research, and all experiments were conducted according to their approved protocols.
cell culture
Human pancreatic cancer AsPC-1 and BxPC-3 cell lines (ATCC, Manassas, VA, USA) were cultured in RPMI1640 (Gibco, Life Technologies, USA), whereas pancreatic cancer PANC-1 cell, HEK293T, and isolated islet cells were cultured in DMEM (Gibco, Life Technologies, USA) supplemented with 10% FBS (Gibco, Life Technologies, USA) in 37°C incubator containing 5% carbon dioxide.
real-time quantitative reverse transcription polymerase chain reaction
According to the manufacturer's instructions, TRIzol Reagent (Invitrogen, USA) was used to isolate total RNA from tissue samples and cells. cDNA was synthesized using a miScript II RT first-strand synthesis kit (Qiagen, Germany), and real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR) detection was performed using an miScript SYBR Green PCR Kit (Qiagen, Germany) according to the manufacturer's protocols. The qRT-PCR amplification conditions for miR-509-5p consisted of 95°C for 15 min, followed by 40 cycles of 94°C for 15 s, 55°C for 30 s, and 70°C for 30 s. Human U6 RNA was used as a control to normalize miR-509-5p expression, and the
ΔΔ
Ct method was used to analyze the data as described previously. 7 
Western blotting
Cells were lysed in RIPA buffer supplemented with a protease inhibitor cocktail, and the bicinchoninic acid assay was used to quantify the protein concentrations. The proteins were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and the separated proteins were transferred to polyvinylidene difluoride membranes (Millipore). After blocking, the membranes were immunostained with mouse anti-MDM2 primary antibody (Santa Cruz Biotechnology, CA, USA) overnight, and then, the membranes were incubated with horseradish peroxidase (HRP)-conjugated goat anti-mouse secondary antibody at room temperature followed by SuperSignal Ultra Chemiluminescent Substrate detection (Pierce, IL, USA). GAPDH (Santa Cruz Biotechnology) was used as a control to confirm equal sample loading.
cell transfection
The PANC-1 cells were seeded in six-well plates before transfection and were cultured in DMEM for overnight. The cells were transfected with miR-509-5p mimic, inhibitor, or scramble control (Shanghai Genepharma Co., Ltd, Shanghai, People's Republic of China) using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions.
cell proliferation
To evaluate cell proliferation, 1×10 4 PANC-1 cells were seeded in 96-well plates before transfection and cultured in DMEM containing 10% FBS overnight. The cells were transfected with miR-509-5p mimic, inhibitor, or scramble control or cotransfected with the target gene and miR-509-5p mimic or scramble control. After transfection for 24, 48, and 96 h, a CCK-8 (Dojindo, Kumamoto, Japan) was used to determine the cell proliferation with a microplate reader (Biotek ELX-800, USA) according to the manufacturer's instructions.
Transwell migration and invasion assay
The cell migration and invasion assays were performed using the Transwell system. For migration assays, resuspended 
5×10
4 PANC-1 cells were seeded into the upper chamber of the insert (BD Bioscience, 8-µm pore size). For invasion assays, 2×10
5 PANC-1 cells transfected with miR-509-5p mimic or inhibitor were seeded into the upper chamber coated with Matrigel, and the lower chamber was filled with DMEM containing 10% FBS. After being maintained in a cell culture incubator for a certain period, the membranes of the upper chamber were stained by hematoxylin, and three random fields (400× magnification) of each membrane were picked for cell number counting under a light microscope. All experiments were performed in triplicate.
luciferase reporter assay HEK293T cells were seeded in 96-well plates. When the cell growth reached 70% confluence, the cells were cotransfected with a Renilla luciferase reporter vector (20 ng), pLuc-3′UTR reporter vector (100 ng), negative control (5 pmol), and miR-509-5p mimic using Lipofectamine 2000. At 48 h after transfection, the Dual-Luciferase Reporter System (Promega, Madison, WI, USA) was used to measure the firefly and Renilla luciferase activities. The transfection efficiency was quantitated by normalization with a Renilla reporter vector.
Xenograft model
Six-to eight-week-old athymic male nude mice (SLAC Laboratories, Shanghai, People's Republic of China) were maintained under a standard 12 h light/12 h dark cycle with food and water available ad libitum. The nude mice were inoculated subcutaneously with PANC-1 cells expressing miR-509-5p or the scramble control (5×10 6 cells each mouse, n=6-8). The tumor sizes of each mouse were monitored once a week. Tumor volumes were calculated as V =0.5 × D × d2, where D and d represent the larger and the smaller diameter of the xenograft tumor, respectively. When the tumor size reached ~1 cm in diameter, the mice were killed, and the xenograft tumors from each group were weighed. The dissected tumors were fixed in neutral buffered formalin and embedded in paraffin, and sections (5 µm) were prepared for histological examination. All the mouse experiments were performed under a protocol approved by the Institutional Animal Care and Use Committee (IACUC) of Guangzhou Medical University.
immunohistochemistry and histological staining
For the immunohistochemistry assay, the sections were deparaffinized and rehydrated in xylene, 99% ethanol, 96% ethanol, and 70% ethanol and then washed in distilled H 2 O.
Antigen retrieval was carried out by boiling the samples in citrate buffer for 15 min at 92°C-98°C and trypsinizing with 0.125% trypsin (Invitrogen, New York, NY, USA) for 15 min at 37°C. The sections were immersed in 3% hydrogen peroxide and distilled water for 30 min to block endogenous peroxidase activity. Nonspecific staining was eliminated by a 20-min incubation with normal sheep serum (Invitrogen, New York, NY, USA). The sections were incubated with mouse anti-MDM2 antibody (1:200 dilution) at 37°C for 2 h and then incubated with goat anti-mouse secondary antibodies (IgG/HRP) (Zhongshan Goldenbridge Biotechnology Corp., Beijing, People's Republic of China) for 15 min at 37°C using Non-Bio Two-Step Histostain™-Plus kits with DAB staining (Zhongshan Goldenbridge Biotechnology Corp.). The nuclei were counterstained with hematoxylin. The remaining procedures were performed in accordance with the manufacturer's instructions.
For histological examination, the sections were stained with hematoxylin and eosin (HE). Both immunohistochemically stained and HE-stained sections were observed by light microscopy (Olympus Optical Co., Lake Success, NY, USA).
statistical analyses
Data were analyzed and presented as the mean ± SD using SPSS 18 (SPSS, Chicago, IL, USA). The significant difference was examined with Student's t-test or one-way analysis of variance.
Results

mir-509-5p is downregulated in pancreatic cancer tissues and cell lines
The expression levels of miR-509-5p in pancreatic cancer tissues, noncancerous adjacent normal tissues, isolated islet cells, and three pancreatic cancer cell lines were examined by qRT-PCR. Compared to the adjacent normal tissues, the level of miR-509-5p was significantly downregulated in pancreatic cancer tissues (Figure 1 ). Furthermore, we found a remarkably downregulated level of miR-509-5p in pancreatic cancer AsPC-1, BxPC-3, and PANC-1 cell lines compared with isolated islet cells ( Figure S1 ).
mir-509-5p inhibits cellular proliferation, migration, and invasion in pancreatic cancer cells
As the PANC-1 cell line exhibited the lowest level of miR-509-5p among three cancer cell lines, according to Figure S1 , we used the PANC-1 cell line in the subsequent experiments and performed miR-509-5p mimic and inhibitor transfection (Figure 2A ). miR-509-5p upregulation could significantly inhibit cell proliferation, whereas miR-509-5p downregulation could significantly increase cellular proliferation ( Figure 2B ). The miR-509-5p mimic remarkably inhibited the cellular migration and invasion of PANC-1 cells, whereas the miR-509-5p inhibitor exerted a reverse effect on PANC-1 cell migration and invasion ( Figure 2C and D) .
mir-509-5p targets MDM2
The TargetScan, PicTar, and miRanda software programs were used to predict miRNA targets. According to the predicted results, we found that the putative target gene of miR-509-5p is MDM2 ( Figure 3A) . Then, we constructed Figure 3B ). We also examined the effect of miR-509-5p on the regulation of MDM2. Compared to the scramble control group, PANC-1 cells treated with miR-509-5p mimic showed decreased MDM2 mRNA levels ( Figure 3C ).
mir-509-5p reverses MDM2 overexpression-increased cellular proliferation and migration in pancreatic cancer cells
To further verify MDM2 expression, we constructed MDM2-overexpressing PANC-1 cells and performed cell proliferation and migration analyses.
First, we examined the effect of miR-509-5p on the regulation of the MDM2 protein level. Compared to the miR-509-5p scramble control group, miR-509-5p mimic decreased the MDM2 protein level, but miR-509-5p inhibitor increased the MDM2 protein level ( Figure 4A ). Additionally, compared to the scramble control group, the PANC-1 cells overexpressing MDM2 showed an increased MDM2 protein level, while miR-509-5p mimic decreased the MDM2 protein level ( Figure 4A ). Moreover, MDM2 overexpression was found to significantly increase PANC-1 cell proliferation, while miR-509-5p mimic could reverse this effect exerted by MDM2 ( Figure 4B ). The cell migration results showed that MDM2 overexpression significantly increased PANC-1 cell migration, while miR-509-5p mimic could inhibit the MDM2-induced increase in cell migration ( Figure 4C and D) . inhibition of tumor growth by mir-509-5p in a xenograft mouse model Finally, we tested the effect of miR-509-5p in a xenograft mouse model. Nude mice were subcutaneously inoculated with human PANC-1 cells expressing miR-509-5p or the scramble control. The volume of tumors treated with miR-509-5p decreased at a higher rate than in the control group ( Figure 5A) . Moreover, the weight of tumors treated with miR-509-5p showed a marked decrease compared with the control group ( Figure 5B ). The tumor images were consistent with the tumor weights ( Figure 5C ). As shown in Figure 5D , the relative expression intensity of MDM2-positive cells in tumors treated with miR-509-5p was lower than in the control group ( Figure 5D , upper left and right panels). Histological analysis revealed that tumors from the scramble control group only contained small necrotic areas occasionally ( Figure 5D , lower left panel). In contrast, tumors treated with miR-509-5p contained large areas filled with necrotic cell debris and enlarged necrotic cores ( Figure 5D , lower right panel), which suggested that miR-509-5p inhibited tumor growth and accelerated cell death in the tumor samples.
Discussion
miRNAs play an important role as regulators of gene expression at post-transcriptional levels and regulate a wide range of physiological and developmental processes. [8] [9] [10] There is increasing evidence that changes in the expression of miRNAs result in the pathogenesis of most human cancers and that they may act as either oncogenes or tumor suppressors. 11, 12 Recently, accumulated data suggest that miRNAs are involved in several important biological events, such as tumorigenesis and cancer metastasis. 13, 14 In this study, we investigated for the first time the biological role of miR-509-5p in human pancreatic cancer progression. Our results demonstrated that miR-509-5p was frequently downregulated in human pancreatic cancer tissues and pancreatic cancer cell lines. Enhanced miR-509-5p expression could inhibit the cellular proliferation, migration, and invasion of pancreatic cancer in vitro and tumor growth in vivo. We further identified the direct functional target of miR-509-5p, MDM2, a putative oncogene. Our results show that miR-509-5p acts as a new tumor suppressor gene in pancreatic cancer.
There is evidence that miR-509-5p can suppress the cell growth capacity of human cervical cancer and hepatocellular carcinoma. 15 However, the expression of miR-509-5p in pancreatic cancer and its function in pancreatic cancer progression remain unclear. In this study, we determined the expression of miR-509-5p in clinical pancreatic cancer tissues, noncancerous adjacent tissues, and several pancreatic cancer cell lines by qRT-PCR. The results show that the expression of miR-509-5p was downregulated compared with the matched paired noncancerous adjacent tissues, indicating that it may be involved in both carcinogenic transformation and tumor metastasis. Furthermore, the expression of miR-509-5p was remarkably decreased in all three pancreatic cancer cell lines compared with isolated islet cells. Subsequently, we found that the downregulation or upregulation of miR-509-5p significantly promoted or inhibited, respectively, the cellular proliferation, migration, and invasion of pancreatic cancer cells in vitro.
Bioinformatics approaches were used to predict the target gene of miR-509-5p. We further explored the underlying molecular mechanism involved and identified MDM2 as a direct functional target of miR-509-5p in pancreatic cancer cells. A well-conserved miR-509-5p-binding site was identified in the 3′UTR of MDM2 mRNA, and we demonstrated that miR-509-5p directly targets the 3′UTR of MDM2, as its enhanced expression suppressed luciferase activity. In addition, miR-509-5p overexpression significantly decreased the expression of MDM2 protein, indicating the post-transcriptional regulation of MDM2 via targeting its 3′UTR. These results suggested that the function of miR-509-5p as a tumor suppressor may be mediated via repressing MDM2 expression in pancreatic cancer progression.
MDM2, as an oncogene, was first found in a locus amplified on double minute chromosomes in a tumorigenic mouse cell line (3T3-DM).
16 MDM2 mainly inhibits p53 bioactivity by blocking its transcriptional activity and promoting its degradation, 17, 18 decreasing p53 protein levels and attenuating p53 function, which increases cancer risk and accelerates tumor formation and progression. 19 The MDM2 oncogene plays a key role in cancer progression.
20 MDM2 overexpression could induce tumor cell proliferation and inhibit cell apoptosis. 21 Several studies have shown that MDM2 overexpression is associated with poor survival and is a useful predictive factor for poor prognosis in patients with hepatocellular carcinoma and breast cancer. 22, 23 A recent study reported that the expression level of MDM2 was much higher in pancreatic cancer tissues than in paired normal pancreatic tissues, which was associated with clinicopathological features in patients treated only with surgery. 24 Moreover, MDM2 knockdown has a synergistic effect on the suppression of pancreatic cancer cell growth in vivo. 25 However, the mechanism by which MDM2 is regulated remains unknown. Our experimental results indicated that the role of miR-509-5p targeting MDM2 may provide one such mechanism for the post-transcriptional regulation of MDM2. In addition, we observed the effects of miR-509-5p overexpression on a tumor xenograft model. It was noteworthy that, in agreement with the outcomes obtained in vitro, the overexpression of miR-509-5p mimics in vivo resulted in decreased tumor growth, accompanied by the acceleration of cell death.
Currently, the emergence of new technologies that use synthetic miRNA mimics or anti-miRNA oligonucleotides exhibits great promise in clinical miRNA therapy, 26 whereas no clinical application of synthetic miRNA mimics has yet been reported. Synthetic miR-509-5p mimic treatment in cancer will become a significant scientific and therapeutic challenge. Although there is increasing evidence that miRNAs might help to generate targeted therapies and to overcome conventional anticancer resistance, the development of a safe and efficient method for clinical use remains one of the main hurdles of miRNA-based therapy. Of course, it has to be acknowledged at this stage that the translation of these results from cells/mice to clinical application is not feasible. Furthermore, the therapeutic delivery of miRNAs is still a developing field, and much more work needs to be done before miRNAs can be safely applied in clinical practice. However, these findings provide a very promising basis for future studies to determine the effect of miRNA modulation on chemotherapy in clinical application.
In summary, our results have shown that miR-509-5p is significantly downregulated in pancreatic cancer tissues and cell lines. The enhanced expression of miR-509-5p decreased pancreatic cancer cell proliferation, migration, and invasion by directly targeting MDM2. These findings suggest that this novel miR-509-5p/MDM2 axis provides new insight into the mechanisms underlying tumor metastasis and that the repression of miR-509-5p expression may be a potential therapeutic strategy for the treatment of pancreatic cancer in the future.
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